it remains unclear whether infection events before entering end stage renal disease (eSRD) have a long-term negative impact on patients with advanced chronic kidney disease (cKD) who survive to permanent dialysis. We enrolled 62,872 patients with advanced CKD who transitioned to maintenance dialysis between January 1, 2004 and December 31, 2013. We used multivariable Cox as well as Fine and Gray models to determine the association of pre-dialysis infection exposure with all-cause mortality after starting dialysis. Compared with no infection during advanced CKD, the presence of infection exposure during that period was independently associated with a higher risk of all-cause mortality in the first year of dialysis (hazard ratio [HR] 1.34, 95% confidence interval [CI] 1.27-1.42) and also during the entire follow-up period (HR 1.19, 95% CI 1.16-1.22). The increased risks of all-cause mortality increased incrementally with higher annual number of infections during advanced cKD. Similar results were found for all other adverse outcomes, e.g. post-ESRD infection-related hospitalization and major cardiac and cerebrovascular events. In conclusion, infection events during advanced CKD was associated with increased risks of adverse outcomes after dialysis has been started. timely interventions in such a vulnerable group may help attenuate these risks.
end-stage renal disease (ESRD) or other adverse outcome before dialysis, such as cardiovascular events and death 15 . However, it remains unclear whether infection events before entering ESRD have a long-term negative impact on patients with advanced CKD who survive to permanent dialysis. To address this knowledge gap, we investigated the association of infection exposure during advanced CKD and adverse outcomes, e.g. all-cause mortality, recurrent IRH, major cardiac and cerebrovascular events (MACCE), after dialysis initiation by using a nationwide representative population with advanced CKD transitioning to ESRD. We hypothesized that infection exposure in advanced CKD might not only lead to a higher risk of adverse outcomes before ESRD but also have a persistently negative impact after transitioning to permanent dialysis.
Results
Study population characteristics. The study population selection process is shown in Fig. 1 . We identified 77,265 patients with advanced CKD who started permanent dialysis (either peritoneal dialysis or hemodialysis) between January 1, 2004 and December 31, 2013. We excluded patients who switched dialysis type within 3 months of starting dialysis (n = 610) in order to investigate the impact of different dialysis modalities. Patients were also excluded if they had a history of organ transplant, malignancy, liver cirrhosis, or autoimmune disease because they represented a substantially different population with varying susceptibility to infection than our target population. Ultimately, a study population of 62,872 patients with advanced CKD who entered permanent dialysis were eligible for analysis. Table 1 shows the baseline characteristics of the study population, stratified by infection exposure status during pre-dialysis advanced CKD. The mean age was 63.1 ± 13.7 years, 51.6% of patients were male, and 58.8% of patients had diabetes. Of the patients, 20,566 (32.7%) had at least one infection episode whereas 42,306 (67.3%) had no infection. Compared with the non-infection group, the infection group was older, was more likely to be female, and had a higher prevalence of diabetes, ischemic heart disease, history of heart failure and myocardial infarction, prior cerebrovascular disease, hypoalbuminemia, and dementia at baseline. The follow-up duration was shorter in the patients with infection than in those without infection (3.2 vs. 3.8 years, P < 0.001). Other detailed baseline characteristics including some of comorbidities and 14 medications between two groups are available in Supplementary Table S1 . Figure 2 exhibited the nature of the infectious events during advanced CKD. Of the 20,566 patients with prior infection, the most frequent infections were urinary tract infection (41.9%) and pulmonary infection (41.5%), followed by septicemia (23.5%), central venous catheter-related infection (12.4%) and soft tissue infections (11.9%). The average time and standard deviation in years from an infection event during advanced CKD to ESRD, post-ESRD IRH, post-ESRD MACCE, and all-cause mortality were 0.4 ± 0.8, 1.7 ± 1.8, 2.5 ± 2.1, and 3.0 ± 2.3, respectively (data not shown).
Association of infection exposure during advanced CKD with post-ESRD all-cause mortality
and iRH. There were 25,475 (40.5%) deaths during a mean follow-up of 3.6 years (standard deviation: 2.4 years) following dialysis initiation. As shown in Table 2 , the infection and non-infection groups had 9,556 (46.5%) deaths and 15,919 (37.6%) deaths, respectively. After the covariates were controlled for, the presence of infection exposure during advanced CKD was independently associated with a higher risk of all-cause mortality (hazard ratio [HR] 1.19, 95% CI 1.16-1.22) compared with the absence of any infection episodes. This increased risk was higher in the first year after starting dialysis (HR 1.34, 95% CI 1.27-1.42) than later during follow-up. www.nature.com/scientificreports www.nature.com/scientificreports/ After starting dialysis, 34,711 (55.2%) patients experienced at least one IRH during the entire follow-up, with a crude incidence rate of 22.9 events per 100 person-years. Among the patients who experienced IRH, 17,342 (50%) of them had it during their first year of dialysis. The infection group had significantly higher cumulative incidences (subdistribution HR [SHR] 1.28, 95% CI 1.25-1.31, Fig. 3a ) of post-ESRD IRH than the non-infection group did. Similarly, the increased risk of post-ESRD IRH was higher in the first year of dialysis therapy (SHR 1.44, 95% CI 1.39-1.48) than later during follow-up. Notably, the risk of infection-related death was also significantly higher in the infection group than in the non-infection group (HR 1.26, 95% CI 1. 21-1.31) .
Furthermore, to test the robustness of our results, we categorized the study population with at least one infection episode (infection group, N = 20,566) into four quartiles based on annual number of infections during pre-dialysis advanced CKD. As shown in Table 3 , the rate of all-cause mortality increased with the frequency of pre-ESRD infection exposure (P for trend < 0.001), regardless of whether the follow-up was restricted to the first year or the entire follow-up period. The annual number of previous infections during advanced CKD was also incrementally associated with the cumulative incidence of post-ESRD IRH, with significantly higher post-ESRD IRH risks correlated with higher numbers of previous infection events (P for trend < 0.001, Table 3 and Supplementary Fig. S1a ).
In subgroup analyses, the pattern of associations between pre-ESRD infection exposure and post-ESRD IRH was generally consistent across selected subgroups. However, age and dialysis modalities significantly modified this association: the effect of pre-ESRD infection exposure on the risk of post-ESRD IRH was significantly greater among the older patients and those with hemodialysis, particularly among patients with tunneled-catheter as their initial dialysis access ( Fig. 4a ).
Variable
All (n = 62,872) follow-up, 20,472 (32.6%) patients experienced MACCE, including 13,072 cardiovascular deaths. The presence of pre-ESRD infection exposure was associated with a slightly higher risk of MACCE compared with the absence of any infection episodes (SHR 1.07; 95% CI 1.03-1.10, Table 2 and Fig. 3b ). However, as the number of previous infections during advanced CKD increased, there was still a stepwise increase in the incidence of MACCE during Table 2 . Follow-up outcomes of primary interest in patients with and without infection history during predialysis advanced CKD. Abbreviations: CI, confidence interval; CKD, chronic kidney disease; HR, hazard ratio; IRH, infection-related hospitalization; MACCE, major adverse cardiac and cerebrovascular event. a Any patient with acute myocardial infarction, acute ischemic stroke, intracerebral hemorrhage, heart failure, or cardiovascular death. b Except for all-cause mortality, the outcomes were estimated using a subdistribution hazard model that considered all-cause mortality a competing risk. c Adjusted for the variables listed in Supplementary Table S1 except primary renal disease; the follow-up duration was replaced with the index year. 
1-year follow-up
All-cause mortality 396 ( www.nature.com/scientificreports www.nature.com/scientificreports/ both the first year (P for trend < 0.001, Table 3 ) and the entire follow-up period (P for trend = 0.003, Table 3 and Supplementary Fig. S1b ). In subgroup analyses, the association between increased risk of MACCE and infection exposure remained consistent across different age and sex groups (Fig. 4b ).
Infections in advanced CKD start a vicious cycle, leading a higher risk of post-ESRD IRH. As shown in Table 4 , multivariate logistic regression analysis, after adjustment for related variables, revealed that the presence of pre-ESRD infection exposure was independently associated with a higher risk of post-ESRD IRH in both patients on hemodialysis (SHR 1.35, 95% CI 1.32-1.38) and peritoneal dialysis (SHR 1.30, 95% CI 1.23-1.38). Other factors associated with an at least 20% increased risk of post-ESRD IRH for both dialysis types included older age, hypoalbuminemia, diabetes, chronic obstructive pulmonary disease, prior cerebrovascular disease, and dementia. Notably, a higher number of cumulative nephrology visits during advanced CKD was independently associated with a lower risk of IRH for both dialysis types after starting dialysis. Sensitivity analysis. The sensitivity analysis yielded similar results to that of the primary analysis by excluding patients with AKI during advanced CKD period that potentially had rapid decline of renal function ( Supplementary Table S2 ).
Discussion
This national population-based cohort study of 62,872 patients with advanced CKD revealed that approximately one-third of the patients experienced at least one infection event before transitioning to permanent dialysis. As hypothesized, we found that pre-ESRD infection exposure was associated with higher risks of all-cause mortality, IRH, and MACCE after dialysis initiation. These increased risks were higher in the first year but remained significant throughout the entire follow-up period. These results are strengthened by a dose-dependent relationship observed between annual number of pre-ESRD infection episodes and post-ESRD adverse outcomes, suggesting that infections in advanced CKD start a vicious cycle.
Accumulating evidence indicates that infection is a frequent event in patients with non-dialysis advanced CKD and that reduced estimated glomerular filtration rate (eGFR) is associated with a higher risk of subsequent short-term mortality. In a study of 25,675 participants from a single Canadian health region, individuals with eGFRs of less than 30 mL/min/1.73 m 2 were found to have a 3.5-fold higher risk of bloodstream infection and more than 4-fold higher risk of subsequent 30-day mortality compared with those with eGFRs of 60 mL/ min/1.73 m 2 or higher 6 . A recent analysis of the Atherosclerosis Risk in Communities cohort also demonstrated that participants with eGFRs of 15-29 mL/min/1.73 m 2 showed an approximately 3.5-fold higher risk of infection compared with those with eGFRs of 90 mL/min/1.73 m 2 or more 9 . Moreover, recurrent IRH was more frequent among participants with lower eGFRs (8.9%, 11.5%, 22.5%, and 42.1% in those with eGFRs ≥ 90, 60-89, 30-59, and 15-29 mL/min/1.73 m 2 , respectively). Little is known about the long-term negative impact of infection events or recurrent infections among advanced CKD patients who survive to permanent dialysis, particularly among Asians, who appear to have higher rates of entering permanent dialysis 16 . Herein, we provide further evidence of an association between infection exposure during advanced CKD and post-ESRD adverse outcomes irrespective of all-cause mortality, IRH, or MACCE.
Our finding regarding the substantial burden of infection in dialysis patients is consistent with the results of a previous analysis of 333,453 incident dialysis patients from the U.S. Renal Data System, which showed a 31% cumulative incidence rate of IRH in the first year and 52.5% at 3 years 17 . Therefore, early identification of patients with a higher risk of IRH would likely minimize the overall health care expenditure on dialysis patients, as each IRH can spiral into a vicious cycle resulting in substantial adverse consequences, including worsening nutritional status 18 , readmission [11] [12] [13] , and cardiovascular event 14 . Similar to previous studies, we found that older age, diabetes, heart failure, chronic obstructive pulmonary disease, and prior cerebrovascular disease are risk factors for IRH in incident dialysis patients irrespective of their initial dialysis modality 2, 19, 20 . The finding that catheter as initial vascular access was associated with a higher risk of IRH is also consistent with previous observations 2, 21 . In addition, our results extend observation of Drew et al. 22 , showing that dementia can independently contribute to a higher risk of not only death but also IRH. Furthermore, we report the novel finding that after adjustment for relevant confounders, the presence of any infection event during advanced CKD was associated with a 30% higher risk of post-ESRD IRH.
Our findings for the short-and long-term negative impact of infection events during advanced CKD on post-ESRD outcome expand on the emerging theory that pre-ESRD conditions, such as blood pressure control 23 , cardiovascular medication nonadherence 24 , and abrupt decline in kidney function 25 , have a sustained impact on post-ESRD outcome. Our report adds to this literature by elucidating the impact of pre-dialysis infection. The aggravated negative impact of infection exposure we identified in the first year of dialysis therapy also supports the notion that incident dialysis patients experience the highest morbidity and mortality within the first year after starting dialysis 26 . This observation raises the possibility that infection events during advanced CKD directly affects clinical outcomes or that infection events are simply a surrogate marker for the severity of uremia that itself affects clinical outcomes. However, our study showed that the negative impact of infection exposure was not only restricted to the first year of dialysis but remained significant throughout the entire mean 3.6 years of follow-up period, indicating that uremia alone is not sufficient to interpret our whole results. Notably, Fig. 3 shows steeper slope in infection group was observed during the first to second year. Therefore, the negative impact of infection exposure may mainly impact on the early phase after dialysis initiation. Prior studies also demonstrated that rapid loss of kidney function before ESRD had an increased risk of death within the first year of ESRD 25, 27 . As infection or other cause related AKI might confound our findings, we repeated our primary analysis excluding patients who had AKI during advanced CKD period and the effect estimates of the infection exposure were similar.
The underlying mechanisms linking infection events during advanced CKD to a higher risk of post-ESRD IRH or other adverse outcomes are likely to be multifactorial. In our study, the patients with advanced CKD who experienced at least one infection event had a higher prevalence of comorbidities. The progression of these comorbidities may conceivably serve as a link between pre-dialysis infection event and post-ESRD adverse outcomes. Alternatively, any infection event during advanced CKD may serve as a marker for patients with particularly poor control of these comorbidities. However, after adjustment for all the studied comorbidities, the risk of post-ESRD adverse outcomes was attenuated but remained statistically significant, supporting the idea that infections may trigger other risk factors, such as hypercatabolic state or chronic inflammation, leading to worse outcomes. Systemic inflammation has been shown to contribute to the link between infection and cardiovascular events 28, 29 . Notably, this link is further supported by another finding of the current study, namely the independent association between pre-dialysis infection exposure and MACCE after dialysis initiation.
Another factor involved in the higher risk of post-ESRD adverse outcomes might be the result of insufficient handling of these advanced CKD patients after an infection event, potentially highlighting the importance of early intervention for these populations. Early referral to a nephrologist after any infection event in a patient with advanced CKD might be necessary because nephrologists are more likely to comprehensively manage worsening nutritional status, anemia, and volume status complicated by an infection event. Several observational studies have demonstrated that the quality of pre-dialysis CKD care independently predicts post-dialysis mortality 30, 31 . Notably, our study found that a higher number of nephrologist visits during advanced CKD was associated with a lower risk of post-ESRD IRH, irrespective dialysis modality. Our finding that a higher risk of post-ESRD IRH is linked with pre-dialysis infection exposure among older patients and patients using tunneled-catheter is also supported by previous reports 19, 21 , suggesting timely arteriovenous fistula creation. Moreover, incident dialysis patients with infection exposure or recurrent infections during advanced CKD appear particularly vulnerable to infections or other adverse events and may benefit from timely preventive strategies, such as nutrition resilience assessment 32 and/or nutrition supplementation 33 , immunization against influenza and pneumococcus 34, 35 , blood stream infection prevention collaborative interventions 36 , or appropriate management of comorbidities 37 . Further research is needed to confirm the beneficial effect of the aforementioned multifaceted interventions for such high-risk patients. Although this study provides novel information on the relationship between pre-dialysis infection exposure and post-ESRD adverse outcomes, they must be weighed against the potential limitations of the investigation. First, we excluded advanced CKD patients with a malignancy, an autoimmune disease, liver cirrhosis, or history of organ transplant because they may have had other factors linking infection and post-ESRD adverse outcomes. Therefore, our results may not be generalizable to the entire dialysis population. Second, our study design raises the possibility of selection bias as patients needed to survive those infection events and initiate dialysis to be included in the study. Third, we defined infection events by identifying only hospitalization and emergency department visits but some patients with a mild infection may have been treated in the outpatient setting, which led to underestimate the infection events. However, some disease can mimic a mild infection at initial presentation and those cases are difficult to ascertain due to either uncertain diagnostic accuracy or lack Table 4 . Associations between baseline characteristics at dialysis initiation and infection-related hospitalization during follow-up. CI, confidence interval; CKD, chronic kidney disease; HR, hazard ratio.
www.nature.com/scientificreports www.nature.com/scientificreports/ of definite information of infection type, potentially introducing misclassification bias. Fourth, our study was limited by the use of only principal discharge diagnoses to define infections; the true incidence of infection events may have been underestimated. We used diagnostic codes rather than validated clinical criteria to ascertain infection types, potentially resulting in some misclassifications. However, the primary objective of this study was to heighten awareness among clinicians regarding the significance of pre-dialysis infection events, like pre-dialysis cardiovascular disease, as potential risk factors for post-ESRD adverse outcomes and thus deserving of routine assessment. As such, misclassifications may not affect the relevance or accuracy of our results. Finally, although we adjusted for a large number of patient characteristics, we cannot rule out the possibility of residual confounding such as baseline nutritional status, exact eGFR at enrollment and speed of eGFR decline, or vaccination status. The observational nature of the study also makes it impossible to prove a causal link between the occurrence of infections and adverse outcome later on, meaning that the results should be regarded as hypothesis generating only and require further investigation.
In conclusion, the results of this study indicated that infection is a frequent event in patients with non-dialysis advanced CKD and that infection exposure during advanced CKD can lead to higher risks of post-ESRD adverse outcomes irrespective of all-cause mortality, IRH, or MACCE. Timely multifaceted preventive strategies among such high-risk incident dialysis patients may lead to improved outcomes and a lower burden on the health care system.
Methods ethics statement. This study was conducted in accordance with the Declaration of Helsinki. Because no identifiable personal information is included in the NHIRD, the Research Ethics Committee agreed that no informed consent was required. All experimental protocols were performed following the relevant guidelines and was approved by the Institutional Review Board of Chang Gung Memorial Hospital (IRB No.201701186B0).
Data source. We analyzed longitudinal data from Taiwan's National Health Insurance Research Database
(NHIRD), which contains anonymized health care information collected prospectively from approximately 99.9% of Taiwan's population. Only patients who had advanced CKD and then started permanent dialysis were included as the source population. Hence, we selected individuals who had a primary diagnosis of CKD and received erythropoiesis-stimulating agent (ESA) treatment. According to the reimbursement regulations of Taiwan's National Health Insurance program, ESA is to be initiated when patients with CKD have an eGFR of 15 mL/min/1.73 m 2 or less and a hematocrit level below 28%. This definition of advanced CKD has been widely reported in previous NHIRD-based studies 38, 39 . In addition, when patients with advanced CKD start permanent dialysis, they can receive a catastrophic illness certificate verified by the Bureau of National Health Insurance, exempting them from related copayments. Thus, the ESRD registry in the NHIRD is notably comprehensive and our selected cohort was highly representative of patients with advanced CKD who entered permanent dialysis.
Exposure ascertainment. The primary exposure of interest was the number of infection episodes during pre-dialysis advanced CKD. An episode of infection was ascertained by identifying either hospitalizations or emergency department visits with a principal discharge diagnosis of selected infection-related International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes as indicated previously ( Supplementary Table S3 ) 12 . To avoid double counting of the same infection, the infections recorded in emergency departments and those recorded for hospitalization were combined into one single infection episode if the admission date was within two weeks of the emergency visit date. outcome and covariate assessment. The covariates we examined were age, sex, CKD duration, number of nephrologist outpatient visits in the previous year, dialysis modality, 11 baseline comorbidities, and 14 medications. Comorbidities were defined as at least 2 outpatient visits or one inpatient stay in the previous year. Most of the diagnostic codes used for these comorbidities have been validated in previous studies 40 . We obtained inpatient records only to ascertain history of heart failure, stroke, and myocardial infarction. Medications were identified by the filling of a prescription at least once or refilling a prescription for a chronic illness at least once within 3 months of the index date. The primary outcomes of interest were all-cause mortality and IRH after starting permanent dialysis. We identified first IRH event by using the same ICD-9-CM codes as for ascertaining infection exposure during advanced CKD. In addition to all-cause mortality, we also examined infection-related death by examining the cause of death in the main diagnosis in the discharge records for inpatient hospital deaths, the primary diagnosis of the last emergency visit, or hospitalization within 7 days of death for out-of-hospital deaths 41 . The secondary outcomes investigated were MACCE, comprising acute myocardial infarction, acute ischemic stroke, intracerebral hemorrhage, heart failure, and cardiovascular death, most of the diagnostic codes for which have been previously studied and validated 42, 43 . The observation period was from the index date to death, first IRH or MACCE, or the end of the study, whichever occurred first. In addition, other events were analyzed, including sepsis death, catheter-related infection requiring catheter removal, readmission for any cause, and each MACCE component ( Supplementary Tables S4 and S5 ). Death prior to the occurrence of IRH or MACCE was considered a competing risk event.
Statistical analysis. We compared the continuous variables between groups (infection vs. non-infection)
by using the independent sample t test. The categorical data between groups were compared using the chi-square test. The association between infection exposure prior to ESRD transition and risk of all-cause mortality was investigated using univariate and multivariable Cox proportional hazard models. The association between infection exposure and risk of other time to event outcomes (i.e., MACCE) was studied using a Fine and Gray subdistribution hazard model in which all-cause mortality during follow-up was a competing risk. Furthermore, to determine the robustness of our results and as a sensitivity analysis, we analyzed the risk of post-ESRD adverse outcomes according to four quartiles based on the annual number of infection episodes during pre-dialysis advanced CKD. We then examined linear trends by modeling the quartiles of these infection exposures as a continuous variable with and without adjustment for covariates. To compare the effect of pre-dialysis infection exposure on early and late post-ESRD adverse outcomes, the analyses were performed with the follow-up time restricted to the first year or with the entire follow-up period. The covariates adjusted for in the multivariable analyses were age, sex, CKD duration, number of nephrologist outpatient visits in the previous year, dialysis modality, 11 baseline comorbidities, 14 medications, and the index year (the year of dialysis initiation).
A sensitivity analysis was done by excluding patients who had AKI during advanced CKD because rapid decline of renal function caused by infection or other etiology might confound the primary analysis. At last, we also conducted subgroup analyses to examine whether the hazard of pre-dialysis infection exposure was consistent across different levels of the 4 pre-specified subgroups (sex, age, dialysis modality, and initial dialysis access type for hemodialysis). A two-sided P value of less than 0.05 was considered statistically significant and no adjustment for multiple testing (multiplicity) was made. All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC), including the procedure 'phreg' for survival analysis and the macro '%cif ' for cumulative incidence functions.
